Representation of phase equilibria and densities for complex systems using a van der Waals volume translated equation of state with a UNIFAC mixing rule
UNIFAC is a group contribution activity coefficient model whose application as a mixing rule results in a predictive equation of state (EoS) for the desired thermodynamic properties, i.e., density, enthalpy, and phase equilibrium. It is important to note that an EoS may be applied over wide ranges of temperature (T) and pressure (P), which is not possible using activity coefficient models such as UNIFAC because these models are limited by the conditions of the experimental data from which their parameters are estimated, normally low pressures and subcritical components. On the other hand, activity coefficient models are characterized by their capability to describe phase equilibrium data for complex systems due to their mathematical flexibility. Thus, a cubic and simple EoS, combined with the UNIFAC model via the mixing rule, may provide the required tool for predicting thermodynamic properties valid for various classes of mixtures as well as for wide ranges of T and P. Mixing rules for cubic EoS using group contribution excess free energy models have been studied by various researchers, including Twu et al. (1998 ), Heidemann (1996 , Orbey and Sandler (1996) , Novenario et al. (1996) , Kalospiros et al. (1995) , Kontogeorgis and Folas (2010) , Haghtalab and Mahmoodi (2010) , Staud and Soares (2012), and Costa et al. (2014) . The modified HuronVidal mixing rule was introduced by Michelsen (1990) , properly matching the excess Gibbs energy calculated by the EoS at zero pressure. This procedure allows for the use of the existing parameters of activity coefficient models that are usually based on experimental data gathered at low pressure.
In this study, the MHV2 mixing rule for the vdW EoS is combined with the UNIFAC model. have been used according to the system studied, i.e., original (Hansen et al., 1991) , modified (Larsen et al., 1987) and gas-solvent group (Dahl et al., 1991) .
The translation in volume also constitutes an extension of the cubic EoS by an implementation of a volumetric dependency. It is shown in this study that the translated vdW EoS significantly improves the representation of saturated liquid densities. Furthermore, the translation does not affect the phase equilibrium calculation (Péneloux et al., 1982 , Meyer, 1987 , Tsai and Chen, 1998 , Wang and Gmehling, 1999 . On the other hand, the calculation of mixture-saturated densities depends on the energy parameter and thereby on the mixing rule adopted, which in this study is the MHV2 mixing rule.
This aim of this work is to systematically evaluate the applicability of the vdWt EoS using the MHV2 mixing rule with UNIFAC for representing phase equilibrium and density data for various complex systems over wide ranges of T and P.
Thermodynamic model
The vdWt EoS is used to represent the desired properties.
( )
The pure component parameters are calculated from the critical properties according to equation (2). 
α is a function of the reduced temperature (Tr). Equation (3) shows the Soave expression applied, where ω is the acentric factor. For subcritical conditions, the Mathias and Copeman (1983) function has been used with coefficients fitted to match the vapor pressure curve; see equation (4) Mathias and Copeman (1983) of pure components for the vdW EoS estimated from the vapor pressure curve *100 vapor pressure data points were generated by using the AIChE DIPPR correlation (Daubert and Danner, 1986 ) over the T range specified. †∆P: Percent average deviation (100/M Σ|Pexp, i-Pcalc, i|/Pexp, i). ‡∆Pmax: Percent maximum deviation presented (100 |Pexp, i-Pcalc, i|/Pexp, i).
It is noteworthy that the vdW yields the same degree of vapor pressure correlation as the Peng-Robinson (PR) and Soave-Redlich-Kwong (SRK) EoS (Meyer, 1987) . This suitable representation of the vdW EoS has also been observed for 438 components (Chiavone-Filho et al., 2001 ).
The translation function t used herein was developed based on a series of organic and inorganic species of liquid molar volume data and is described as follows (Terron, 2009 Table 2 shows the predicted saturated liquid densities for a series of components with four cubic EoS, where the vdWt representation of the experimental points is emphasized. *200 density data points were generated by using the AIChE DIPPR correlation (Daubert and Danner, 1986 ) over the T range specified. †∆ρ: Percent average deviation (100/M Σ|ρexp, i-ρcalc, i|/ρexp, i). ‡∆ρmax: Percent maximum deviation presented (100 |ρexp, i-ρcalc, i|/ρexp, i).
The mixing rules define how the EoS parameters are calculated as a function of composition. For the translation (t) and the covolume (b) parameters, the simple linear mixing rule is adequate.
For the attractive parameter (a), the conventional quadratic mixing rule presents limitations for systems of species with asymmetry in terms of size, shape and polarity. Michelsen (1990) successfully modified the mixing rule of Huron and Vidal from an infinite-reference pressure to a zero-reference pressure using a function q of the EoS parameters.
This q function provides the adequate matching procedure for the application of the Huron-Vidal mixing rule using activity coefficient models. As explained in the literature (Michelsen, 1990; Dahl and Michelsen, 1990) , the function q in its original form presents discontinuities for values of a/(bRT) lower than 3+2√2. To overcome this limitation, a linear correlation of q was proposed using phase equilibrium data at low pressure in the range of ai/(biRT) values between 7 to 9 for the vdW EoS. More recently, Dahl et al. (1991) applied a quadratic q function, introducing the so-called MHV2 model. In this work, MHV2 is applied for the vdW EoS with the following estimated parameters: q1=-0.6731 and q2=-0.0112. Equation (10) describes the MHV2 for the mixture parameter a, which is an implicit expression, 
Methods of calculation
The isofugacity equilibrium criterion is applied via the phi-phi approach, one model for both phases.
Two types of phase equilibrium calculations were used. The Bubble P calculation is the one in which xi and T are given and yi and P are determined. In the PT-FLASH mode (Michelsen, 1982; , T, P and zi (feed concentration) are given to determine xi and yi and the concentrations of the two phases. The PT-FLASH routine is also applied for liquid-liquid calculation.
The saturated liquid densities are calculated after the determination of the roots of the cubic EoS and are corrected by translation. 
Results and final remarks
A representative series of experimental data for vapor-liquid equilibrium (VLE) and saturated liquid density (ρ) were selected for various systems and conditions to evaluate the prediction ability of the present vdWt+MHV2 EOS; see Table 3 . (1952) water + isobutane + 2-propanol # 319-364 6-17.1 9/VLE ∆P=1. 9 Zabaloy et al. (1993) System T (K) P (bar) dtpts * dev † (%) Reference *Number and type of data points. †Percent average deviation (100/M Σ|expi-calci|/expi). ‡Modified (Larsen et al., 1987) and gas-solvent group (Dahl et al., 1991 ) UNIFAC tables have been used. #Original UNIFAC tables have been used (Hansen et al., 1991) .
Liquid-liquid equilibrium (LLE) data representation for some ternary systems, such as water + acetic acid + isoamyl alcohol, was also studied. Figure 1 demonstrates the LLE behavior predicted by the vdWt+MHV2 for the mixture water + ethanol + toluene, which is as good as the UNIFAC (Peschke and Sandler, 1995) .
Figures 2 and 3 present the good phase equilibrium and density data predictions yielded by the vdWt+MHV2 EoS for the butane + 1,1,2-trichloro-1,2,2-trifluorethane system. The H2S + hexane system was also studied under supercritical conditions, and the vdWt+MHV2 EoS was determined to provide satisfactory representation; see Figure 4 . Figure 1 . vdWt+MHV2 prediction of the LLE data for the water + ethanol + toluene system at 298 K and 1.013 bar. Axes are in mole percent. Experimental data presented by Peschke and Sandler (1995) . (mol/L) Figure 4 . Representation of the VLE data for the H2S + n-hexane system (Laugier and Richon, 1995) .
Some limitations in the prediction of the experimental data collected were identified, e.g., systems with highly associative components and with significant asymmetry. In particular, the systems carbon dioxide + isopentane and acetone + methanol + water presented higher deviations for the vdWt+MHV2 VLE data description. For the liquid density representation, polar species such as 1,2-dichloroethane and ethanol showed more pronounced deviations from the vdWt EoS. To overcome these limitations, association and more rigorous repulsive terms should be considered in the thermodynamic model (Kalospiros et al., 1995; Kontogeorgis and Folas, 2010) . However, in general, the EoS vdWt+MHV2 was able to satisfactorily represent both phase equilibrium and volumetric behavior. The translation in volume expression proposed in this work can be extended to a more comprehensive series of pure substances using available data. In addition, it would be advantageous to have a continuous translation function, valid for wide ranges of T and P. The mixing rule is limited to the UNIFAC parameters; however, as shown by Dahl et al. (1991) and more recently by Haghtalab and Mahmoodi (2010) , interaction parameters for supercritical components can be estimated by correlating gas solubility data, thereby extending the application of the EoS. The flexibility and predictive character of the vdWt+MHV2 is found to be a simple but powerful simple tool for calculating thermodynamic properties. Furthermore, the vdWt+MHV2 may be applied in a process simulator. 
